A Model based on SO(10) grand unified theory (GUT) and supersymmetry is presented to describe observed phenomena for neutrinos. The large mixing angles among different generations, together with the small masses, are attributed to the Higgs boson structure at the GUT energy scale. Quantitative discussions for these observables are given, taking into account their energy evolution.
Experiments for atmospheric [1] and solar [2] neutrinos suggest non-vanishing but extremely small masses for the neutrinos. Also observed are large mixing angles among different generations for the leptons. These results imply existence of physics beyond the standard model. In fact, the lightness of the neutrinos could be naturally accounted for by those models based on grand unified theory (GUT) which contain large Majorana masses for the right-handed neutrinos.
The GUT models, however, face one serious problem posed by the large generation-mixing angles of the leptons. Since the leptons stand on an equal footing with the quarks, in simple models the amount of their generation mixings becomes similar to that of the quarks, leading to small mixing angles. Some complication is thus necessary for accommodating the observed properties of the neutrinos within the framework of GUT. Aiming at construction of a plausible model, various works have been performed [3] .
In this letter we propose an SO(10) GUT model coupled to supersymmetry, in which the lepton mixings and the neutrino masses can be described fairly simply. For group representations which contain the Higgs bosons responsible for the quark and lepton masses, our model includes 120, as well as 10 and 126. This 120 representation makes the mixing structures different between the quarks and the leptons, while the 126 representation yields large Majorana masses for the right-handed neutrinos. Below the GUT energy scale, the model is the same as the minimal supersymmetric standard model (MSSM) except that the dimension-five operators are generated for the SU(2) doublets of the leptons and the Higgs bosons. These terms give small Majorana masses to the left-handed neutrinos after electroweak symmetry is broken down. We make quantitative analyses for the neutrino properties at the electroweak energy scale, taking into account the energy evolution of the mass and mixing parameters for the quarks and leptons.
Experiments observe a solar neutrino deficit and an atmospheric neutrino anomaly, which could be understood as neutrino oscillations. For explaining the atmospheric neutrino problem, the mass-squared difference and the mixing angle between the µ-neutrino and the other neutrino should be given by
The solar neutrino problem is explained by several scenarios, among which most favored by experiments is a large mixing angle between the e-neutrino and the other neutrino under the Mikheyev-Smirnov-Wolfenstein (MSW) effect. Assuming this scenario, their masssquared difference and mixing angle are observed as
These two experimental results suggest that the leptons of three generations are fully mixed, contrary to the quark mixings. On the other hand, the reactor experiment by CHOOZ [4] measures the mixing angle between the e-neutrino and the other neutrino. Non-observation of the mixing excludes the region
The three experimental results provide a guide to constructing a model. The minimal group for GUT which has a representation for the right-handed neutrinos is SO(10). The quark and lepton superfields of one generation, both left-handed and right-handed components, are all contained in one spinor 16 representation. The representations which can couple to 16 × 16 are 10, 126, and 120. The Higgs superfields for the masses of the quarks and leptons must be in these representations.
In the possible three representations for the Higgs superfields, the right-handed neutrinos can receive Majorana masses only from 126, provided that a nonvanishing vacuum expectation value (VEV) is generated for the scalar field of the SU(5) singlet component. If SO(10) is broken down to SU(5) by this VEV, its magnitude is as large as the GUT energy scale. Although the 126 representation also has SU(2) doublet components which could give Dirac masses to the quarks and leptons, the large mixing angles for the leptons are not yielded by themselves. Even if the 10 representation is introduced for the Higgs bosons, it is difficult to consistently accommodate the three experimental results [5] . A scenario with a small mixing angle in the MSW effect for the solar neutrino oscillation could be provided by incorporating two superfields of 10 and the Majorana masses for the left-handed neutrinos from the VEV of the SU (2) triplet Higgs boson [6] .
Large mixing angles for the leptons are not easily obtained by 10 and 126. This is because every SU(2) doublet Higgs boson in these representations gives the same contribution to the quark mixings and to the lepton mixings. On the other hand, the 120 representation has four SU(2) doublet components, in which one doublet gives Dirac masses only to the neutrinos and another only to the up-type quarks. These Higgs bosons could become an origin of the difference between the quarks and the leptons.
We introduce one superfield for each of 10, 120, and 126. All the possible Higgs couplings for the quark and lepton superfields at the GUT energy scale are written, in the framework of SU (3)×SU (2)×U (1), as
Here, φ's stand for Higgs superfields with upper and lower indices showing transformation properties under SU (5) and SO(10), respectively. Superfields for the quarks and leptons are denoted in a self-explanatory notation by has to be as small as the observed neutrino masses, which necessitates an extreme fine-tuning of the Higgs potential. We therefore take φ 15 126
for enough heavy not to develop a non-vanishing VEV.
The SU(2) doublet Higgs superfields for electroweak symmetry breaking are given by linear combinations of the superfields with the same quantum numbers in 10, 120, 126, or other representations. The MSSM Higgs superfields H 1 and H 2 with hypercharges 1/2 and −1/2, respectively, are expressed by + ..., (6) where (3)×SU (2)×U (1) suggests that there should exist only one pair of light Higgs doublets. We assume that the other linear combinations of the SU(2) doublets have large masses and decouple from theory below the GUT energy scale.
The superpotential of our model relevant to the quark and lepton masses are given by
Below the GUT energy scale, the right-handed neutrino superfields N ci decouple from theory, owing to their large masses. Instead of the last two terms in Eq. (7), the dimension-five operators are taken into consideration:
where φ H2 and ψ L i represent the scalar component of H 2 and the fermion component of L i , respectively. For definiteness, we define the Cabibbo-Kobayashi-Maskawa (CKM) matrix for the quarks and the Maki-NakagawaSakata (MNS) matrix for the leptons as A 3 × 3 unitary matrix has nine independent parameters. Although the numbers of physical parameters in the CKM matrix and the MNS matrix are respectively four and six for electroweak interactions, more parameters become physical for SO(10) interactions. For the expression of V CKM or V MN S , we adopt the parametrization in which the energy evolution of the independent parameters can be traced explicitly [7] : and φ 45 120 components in H 1 and H 2 . Then, at the GUT energy scale, the coefficient matrices for the leptons are expressed in terms of those for the quarks as
Here, v R stands for the VEV of φ 1 126
which is of order of the GUT energy scale. The coefficients η u and η d are related to each other through the CKM matrix,
where we have taken a generation basis in which the coefficient matrix for the down-type quarks is diagonal. The effect of introducing 120 is clearly seen if the contribution of φ 45 120 is neglected. Then the matrix η u is symmetric. Its diagonalization is made by one unitary matrix (U u R = U u * L ) and the matrix U in Eq. (14) becomes a unit matrix. The coefficient matrices η d , η u , and η e are roughly diagonal simultaneously. On the other hand, the matrix ǫ in Eq. (13) has only off-diagonal elements, owing to its antisymmetric property. Therefore, the offdiagonal elements for κ could be large, which would enhance generation mixings for the leptons. The values of η
, and V MN S evolve depending on the energy scale. The renormalization group equations for these parameters and the gauge coupling constants of SU (3)×SU (2)×U (1) close on themselves at the one-loop level. Making use of the large mass differences among generations for the quarks and the charged leptons, the evolution equations for the independent parameters are obtained explicitly [8] . Experimentally, the eigenvalues of η u , η d , and η e are known, if the ratio tan β of the vacuum expectation values for H 1 and H 2 is given. The CKM matrix elements have also been measured. Assuming C Our model is discussed quantitatively. We make an assumption that the mass differences among the neutrinos are very large, similarly to the quarks or charged leptons. Then, the measured quantities by the CHOOZ experiment are understood as
where m νi represents the mass eigenvalue for the neutrino of the i-th generation. For the atmospheric neutrino oscillation, the parameters are expressed by
Combining Eqs. (1) and (3), the magnitude of V 31 should be small. This constraint make it possible to evaluate the parameters of the solar neutrino oscillation by
These evaluations would be sufficient for our present purpose to discuss plausibility of the model at the GUT energy scale. The mixing parameters and the ratio of masssquared differences at the electroweak energy scale for C The parameters a, b, P u , and P d are constrained from Eq. (12). Allowed regions for these parameters are very restricted. We take one example within the ranges of real values, which is given by a = −3.95, b = −10.5,
This parameter set, together with appropriate values for η
at the GUT energy scale, leads to the quark and charged lepton masses and the CKM matrix at the electroweak energy scale listed in Table I . The ratio of the VEVs for H 1 and H 2 is set for tan β = 30. The obtained results are consistent with the values expected at the electroweak energy scale from experiments [9] . The CP -violating phase δ also lies in the range allowed by observed CP violation in the K 0 -K 0 and B 0 -B 0 systems. For a smaller value of tan β, the magnitudes of a and b become larger.
The coefficient matrix κ in Eq. (13) is now determined by v R /C 4 1 and C 2 2 ǫ. In Fig. 1 the mixing parameters sin 2 2θ atm , sin 2 2θ sol , sin 2 2θ chooz , and the ratio of mass-squared differences ∆m GeV, the mass-squared difference for the atmospheric neutrino oscillation is given by ∆m 2 atm = 2.7 × 10 −3 . Under the constraints from the CHOOZ experiment, the atmospheric and solar neutrino oscillations can be realized simultaneously for certain parameter values.
In conclusion, we have presented a model based on SO(10) GUT and supersymmetry, in which the quarks and leptons receive masses from the Higgs bosons in 10, 120, and 126. The antisymmetric 120 representation is the origin of the observed large generation mixings for the leptons. The small neutrino masses are traced back to large Majorana masses for the right-handed neutrinos generated by 126. Theoretical predictions are sensitive to the model parameters. All the experimental results can be described consistently in some regions of the parameter space.
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